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Pb-FREE Sn-Ag-Cu TERNARY EUTECTIC SOLDER 




FIELD OF THE INVENTION 



The present invention relates to Pb-free solders 
and, more part icularly , to a relatively ductile, low 
cost, high strength solder based on a Sn-Ag-Cu ternary 
eutectic composition having a melting point of about 
217°C. 



Lead metal (Pb) and its compounds are well known 
toxins. Despite this, lead is a component of solder 
alloys in widespread use in the electronic industry. 
For example, a binary eutectic Sn-Pb (e.g. 63 weight % 
Sn-37 weight % Pb - melting point of 183°C) solder and 
Pb-5 weight % Sn solder are in widespread use for 
electronic and circuit joining applications. However, 
in the United States, there is proposed Congressional 
legislation to ban, or possibly heavily tax, the use of 
lead in all commercial products, such as, for example, 
electronic solders . 

In response to the possibility of a governmental ban 
or excessive taxation of lead use, manufacturers and 
users of Pb-bearing solder for electronic and circuit 
joining applications recently have attempted to 
developed Pb-free solders especially as direct 
replacements for the conventional Sn-Pb solders in 
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conventional solder ref low procedures employing general 
heating of an electronic wiring board to temperatures of 
230 to 250°C. 

In particular, binary eutectic Sn-Ag, Sn-Sb and Sn- 
Bi solders have been developed as Pb-free solders. For 
example, a 96.5 weight %Sn-3.5 weight % Ag solder, 95 
weight % Sn-5 weight % Sb and 43 weight % Sn-57 weight % 
Bi solder have been developed. These Pb-free solders 
exhibit eutectic melting points of 221°C, 245°C and 
10 139°C, respectively. These solders are described by 

Sungho Jin in a series of articles in Journal of Metals , 
July, 1993; namely, "Developing Lead-Free Solders: A 
Challenge and Opportunity , 11 JOM , 45 , no. 7, page 13, 
(1993). The Sn-Ag solder melting point is described as 
"slightly too high", while the Sn-Sb solder is described 
as having a "melting point too high". The Sn-Bi solder 
melts at a low temperature but suffers from rapid 
microstructura 1 coarsening, poor wetting, and poor creep 
resistance. 

20 Other Pb-free binary ^ eutect ic solders comprising Sn- 

In and Sn-An have been developed. However, these binary 
solders are disadvantageous in that both are brittle and 
include relatively large amounts; e.g. 50.9 weight % of 
In or SO weight % of Au that are costly alloy components 
and not as readily available as previously used alloy 
components. Also, the Sn-Au solder has an elevated 
eutectic temperature of 278°C that is too high for 
conventional solder ref low temperatures. 

The aforementioned Pb-free binary solders have been 

30 used as replacements for the conventional Sn-Pb solders 

in some solder reflow procedures employing general 
heating of an electronic wiring board to non-standard 
temperatures . 

A ternary, off-eutectic Sn-Cu-Ag solder has been 
developed by the plumbing industry as a Pb-free solder 
with, for example, 96 weight % Sn-3 . 5 weight % Cu-0.5 
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weight % Ag. This plumbing solder has a 227 °C solidus 
temperature and 260°C liquidus temperature which would 
be considered too high by electronics manufacturers. 
Moreover, this solder exhibits a "mushy 11 solid-liquid 
zone of 33°C that is too great for electronic soldering. 

As microelectronic technology continues to evolve, 
microprocessors are becoming more complex and in all 
likelihood will generate more heat and increase thermal 
strains in electronic and circuit solder joints. 

0 Moreover, the service environment of electronic solder 

joints in all probability will become more severe. For 
example, electronic packages are now required to be 
positioned closer to the engine in automobiles for 
faster response and greater cost effectiveness. To 
produce automobiles with increased fuel efficiency, 
lower hoods and smaller front mounted air inlets are 
provided to streamline the automobile body. These 
changes subject automotive electronics packages in the 
engine compartment to higher operating temperatures and 

0 higher thermal strains. In emerging avionics 

applications, electronic packages used for sensing, 
control, and telemetry are exposed to severe ambient 
temperature cycles that create cyclic thermal strains at 
solder joints of the electronic packages used. 

As a result of the more severe service demands being 
imposed on electronic packages in the automotive, 
avionics and other fields, there is a need for a solder 
that not only is Pb-free and amenable to the 
aforementioned conventional solder reflow procedures but 

0 also is stronger and more fatigue resistant than the Pb- 

free binary alloy solders (e.g. Sn-Bi and Sn-In) 
discussed hereabove. Moreover, there is a need for such 
a solder that would be competitive in cost and as 
readily available as conventional Sn-Pb eutectic solders 
for high volume use. 
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SUMMARY OF THE INVENTION 
The present, invention provides a Pb-free solder that 
satisfies these needs. In particular, the present 
invention provides a Pb-free solder comprising a 
heretofore unknown ternary eutectic composition 
consisting essentially of about 93.6 weight % Sn-about 
4.7 weight % Ag-about 1.7 weight % Cu having a eutectic 
melting temperature of about 217°C and variants of the 
ternary eutectic composition. In the variants of the 

10 ternary eutectic composition in accordance with the 

invention, the relative concentrations of Sn, Ag , and Cu 
deviate from the ternary eutectic composition to provide 
a controlled melting temperature range (liquid-solid 
"mushy" zone) relative to the eutectic melting 
temperature while providing an advantageous 
microstructure including beta Sn phase and at least two 
different intermetallic compounds distributed in the 
beta Su phase, one compound including Cu and Sn and 
another compound including Ag and Sn. Preferably, the 

20 solder components are adjusted relative to one another 

to provide a melting temperature range that extends no 
more than 15°C above the ternary eutectic melting 
temperature . 

In one embodiment of the invention, the Pb-free 
solder consists essentially of about 3.5 to about 7.7 
weight % Ag, about 1.0 to about 4.0 weight % Cu and the 
balance essentially Sn. 

In another embodiment of the invention, the solder 
may include an alloy component in an amount effective to 
30 improve wettability and/or to lower the solder melting 

temperature range (liquid-solid "mushy" zone) as 
necessary for a particular solder application. 
Preferably, the solder includes Bi in an amount up about 
10 weight % to this end. 

In another embodiment of the invention, the solder 
may include at least one alloy component selected from 
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the group consisting essentially of Si, Sb, Zn, Mg , Ca , 
a rare earth element, and misch metal in a collective 
amount not exceeding about 1 weight %, for example, to 
improve wettability, enhance fatigue strength, and/or 
refine solder joint grain size. 

In still another embodiment of the invention, the 
solder optionally may include Pb in an amount not 
exceeding about 10 weight % for improved wettability and 
ductility. This embodiment of the invention is optional 
10 in the event legislation only taxes Pb use in products 

rather than bans its use altogether. 

The present invention also provides a solder joint 
comprising a solder of the invention described hereabove 
wherein the solder joint has a solidified ternary 
eutectic microstructure comprising beta Sn matrix phase 
and at least two different intermetallic compounds, one 
compound including Cu and Sn (e.g. Cu-rich Cu 5 Sn 6 ) and 
another including Ag and Sn (e.g. Ag-rich Ag 3 Sn), 
distributed uniformly throughout the beta Sn phase. Such 
20 a microstructure improves solder joint strength and 

fatigue resistance as compared to the beta-Sn and soft 
alpha-Pb phases that characterize the solidified 
eutectic microstructure of conventional Sn-Pb solders. 
Moreover, the microstructural and thermal stability of 
the solder joint microstructure of the invention is 
improved by the presence of the aforementioned hard 
intermetallic compounds. 

The solder of the invention described hereabove can 
be used as a replacement for Pb-containing solder in 
30 solder reflow and other soldering processes in 

widespread use in the electronic and other industries. 

The solder of the invention is advantageous not only 
from an environmental standpoint (its Pb-free 
composition) but also from a cost and availability 
standpoint in that the alloy components (Sn, Ag , and Cu) 
are readily available at lower cost than the Pb-free 
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solders including large amounts of Bi, In, or Ga 
proposed to-date. Large volume solder applications 
especially will benefit from the low cost, high 
performance solder of the invention having the 
aforementioned advantages not possessed heretofore by 
other Pb-free solders. 

The aforementioned objects and advantages of the 
invention will become more readily apparent from the 
following detailed description taken with the following 
drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a differential thermal analysis of the 
93.6 weight % Sn-4.7 weight % Ag-1.7 weight % Cu ternary 
eutectic solder in accordance with one embodiment of the 
invention obtained using a heat-up rate of 10°C per 
minute . 

Figure 2a is an optical micrograph of chill cast 
ternary eutectic solder at magnification of 50X. The 
sample was metallographically sectioned and etched with 
2% HC1 etch. The micrograph reveals multiple grains of 
very fine eutectic microstructure. 

Figure 2b is an enlarged (1000X) optical micrograph 
of the same sample as Figure 2a showing the multiple 
phase ternary eutectic microstructure spacing. 

Figure 3a is an optical micrograph of model solder 
joint made from twisted Cu wire pair immersed in molten 
ternary eutectic solder alloy at 250°C / then, withdrawn 
from the molten solder and air cooled. The sample was 
metallographically sectioned and etched with 2% HC1 
etch. The micrograph shows good wetting of fluxed wire 
by the solder alloy. 

Figure 3b is an enlarged optical micrograph of the 
same sample as Figure 3b. The micrograph shows the 
interface of Cu wire at the bottom with intermeta 1 1 ic 
Sn-Cu phase growing into the solder matrix as well as a 
needle-like intermetallic compound, probably Ag 3 Sn, and 
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a globular intermetallic compound, probably Cu 6 Sn 5 , 
dispersed in the solder microstructure . 

DETAILED DESCRIPTION 
The Pb-free solder of the present invention is based 
on a ternary eutectic composition consisting essentially 
of about 93.6 weight % Sn-about 4.7 weight % Ag-about 
1.7 weight % Cu. This ternary eutectic solder 
composition has been determined by differential thermal 
analysis (DTA) to have- a ternary eutectic melting 

10 temperature of about 217°C; e.g., see Figure 1 where 

normalized delta T versus temperature is determined by 
DTA for the ternary eutectic composition. The DTA 
ternary eutectic composition sample was prepared by 
melting elemental components (i.e. elemental Sn, Ag , and 
Cu rods) in a glass capsule under a He atmosphere. The 
ternary sample was then solidified by quenching the 
capsule in a water bath. 

Figure 1 indicates a melting temperature of about 
217°C for the ternary eutectic solder of the invention. 

20 This melting temperature. of 217°C is lower than either 

of the adjacent binary eutectic melting temperatures; 
e.g. melting temperature = 221°C for 96.5 weight % Sn- 
3.5 weight % Ag and melting temperature = 227°C for 99.1 
weight % Sn-0.9 weight % Cu. 

The measured melting temperature of 217°C for the 
previously unknown ternary eutectic solder of the 
invention is contrary to a minimum melting point of 
225°C published heretofore for the Sn-Ag-Cu alloy system 
by E. Gebhardt and G. Petzon, Z. Metallkde., 5_0, no. 10, 

30 page 597 , ( 1959) . 

Applicants 1 measured ternary eutectic melting 
temperature of about 217°C was determined and verified 
by four (4) DTA analyses and with parallel analyses by 
other techniques, such as differential scanning 
calorimetry. The difference between Applicants 1 
measured ternary eutectic melting temperature and that 
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published in the aforementioned article is that the 
previous published report is based on one measurement at 
a ternary composition (90 weight % Sn-5 weight % Ag-5 
weight % Cu) well removed from the eutectic composition 
discovered by Applicants. 

The Pb-free solder of the invention comprises the 
aforementioned ternary eutectic composition (i.e. about 
93.6 weight % Sn-about 4.7 weight % Ag-about 1.7 weight 
% Cu) which is usable as a Pb-free solder. In addition, 

0 the Pb-free solder of the invention also includes 

variants of the ternary eutectic composition wherein the 
relative concentrations of Sn, Ag, and Cu are varied 
relative to the ternary eutectic composition. The Sn, 
Ag and Cu contents can be varied to provide a 
controlled, selected melting temperature range above 
the ternary eutectic melting temperature (217°C) for a 
particular solder application. Variation of the relative 
concentrations of Sn, Ag, and Cu produces a higher 
melting temperature since the ternary eutectic 

0 composition exhibits the^lowest melting temperature 

possible in the ternary system. However, variation of 
the relative Sn, Ag and Cu contents is controlled to 
provide at least two different intermetal lie compounds 
in a beta Sn phase matrix upon solidification of the 
solder wherein one intermetallic compound includes Cu 
and Sn and another includes Ag and Sn. 

Preferably, for electronic solder applications using 
the solder reflow procedure, the melting temperature 
range (liquid-solid "mushy" zone) of the solder of the 

0 invention is extended no more than 15°C above the 

ternary eutectic melting temperature. In particular, 
such solder reflow procedures involve general heating of 
a wiring board to temperatures of about 230 to 250°C) . 
Solders used in such a solder reflow procedure desirably 
exhibit a limited melting range (i.e. a liquid-solid 
"mushy" zone) less than about 15°C. 
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However, the melting temperature range may be 
different for other solder applications and can be 
adjusted accordingly pursuant to the invention by 
variation of the relative concentrations of Sn, Ag , and 
Cu of the solder of the invention based on the ternary 
eutectic composition. As a result, the Pb-free solder of 
the invention can be adapted for use with other solder 
procedures including procedures using localized heating, 
such as laser melting or infrared soldering, currently 
10 being developed. 

A preferred Pb-free solder of the invention consists 
essentially of about 3.5 to about 7.7 weight % Ag , about 
1.0 to about 4.0 weight % Cu and the balance essentially 
Sn to this end. Representative Pb-free solders of the 
invention are listed below, the second and third listed 
alloys exhibiting slightly of f-eutectic melting 
temperatures : 

93.6 w/o Sn-4.7 w/o Ag-1.7 w/o Cu (eutectic) 

94.9 w/o Sn-3.6 w/o Ag-1.5 w/o Cu 
20 95.0 w/o Sn-4 . 1 w/o Ag-0.9 w/o Cu 

If a lower, enlarged solder melting temperature 
range is desired for a particular solder application, 
the invention includes the addition of one or more alloy 
components in the solder of the invention in an amount 
effective to that end. For example, the solder of the 
invention may include Bi in an amount not exceeding 
about 10 weight % to this end. In particular, a solder 
of the invention consisting essentially of 88.9 weight 
Sn-4. 5 weight % Ag-1.6 weight % Cu-5 weight % Bi 
30 exhibits a limited melting temperature range (solid- 

liquid "mushy" zone) of about 193 to about 218°C. 

Moreover, the invention envisions including in the 
Pb-free solder of the invention at least one alloy 
component selected from the group consisting essentially 
of Si, Sb, Zn, Mg, Ca , a rare earth element, and misch 
metal in a collective amount not exceeding about 1.0 
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weight %, for example, to improve wettability, enhance 
fatigue strength, and/or refine solder joint grain size. 
The solder of the invention includes no intentional 
nickel addition. Ni is avoided in the solder of the 
invention as a result of its formation with Sn of a 
higher melting temperature phase. The solder of the 
invention is thus nickel-free. 

The solder of the invention optionally may include 
Pb in an amount not exceeding about 10 weight % for 

10 improved wettability and ductility. This embodiment of 

the invention is optional in the event proposed 
Congressional legislation ultimately only taxes lead use 
in products and does not ban it completely. 

The solder of the invention can be provided in many 
forms as needed for particular solder applications. For 
example, the solder of the invention can be provided as 
solder wire, solder sheet, solder ingot, and solder 
powder. The solder wire and sheet forms can be 
manufactured by conventional solder manufacturing 

20 techniques. In these techniques, the solder alloy of the 

invention initially can be melted by resistance heating 
under ambient air atmosphere. The solder melt can be 
chill cast into suitable iron or steel chill molds to 
produce ingots having high purity and compositional 
accuracy. 

Figures 2a-2b are photomicrographs at the 
magnifications indicated of the chill cast 
microstructure of the ternary eutectic solder (93.6 
weight Sn-4.7 weight % Ag-1.7 weight % Cu) . Foil rolled 
30 from the chill cast alloy was analyzed by X-ray 

diffraction technique. Two intermetallic compounds were 
present in the beta Sn matrix phase. One intermetallic 
compound included Cu and Sn; i.e. Cu fi Sn 5 and the other 
included Ag and Sn; i.e. Ag 3 Sn. X-ray diffraction of 
rolled foil of the aforementioned plumbing Sn-Cu-Ag 
solder showed no evidence of the Ag 3 Sn compound, 
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although the Cu 6 Sn 5 was detected. The ingots can be 
processed by conventional techniques used for Sn-Pb 
eutectic solder to wire and sheet form. The ingots also 
can be used as melt stock to form solder powder by melt 
atomization techniques . 

For example, solder powder of the invention can be 
produced as ultrafine rapidly solidified, generally 
spherical powder (powder particle diameter less than 25 
microns) by high pressure gas atomization ( HPGA ) . In 

0 particular, high pressure gas atomization apparatus of 

the type described in the Anderson U.S. Patent 5 125 574 
can be used to this end. For example, HPGA solder powder 
comprising the aforementioned ternary eutectic 
composition has been made from prealloyed ingot under 
the following atomization conditions using the 
atomization nozzle specifically described in the 
aforementioned U.S. Patent 5 125 574, the teachings of 
which are incorporated herein by reference: 
atomizing gas argon 

0 atomizing gas pressure 1100 psig 

melt pour temperature 300°C (immediate pour 

after reaching pour temperature) 

melting atmosphere argon 

Such ultrafine rapidly solidified, generally 
spherical powder can be incorporated into electronic 
solder pastes for use in environmentally acceptable (Pb- 
free) circuit assembly by means of surface mount 
technology. Solder flux formulations for all forms of 
the solder of the invention can be selected from 
0 commercially available flux products or developed as 

necessary for a particular solder application. A solder 
flux acceptable for use with the solder of the invention 
in a hand solder application comprises a mildly 
activated rosin flux; e.g. Alpha 611 MA available from 
Alpha metals, Jersey City, N.J. 
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Solder powder pursuant to the invention can also be 
formed by other atomization processes including other 
high pressure close-coupled atomization processes using 
inert gas or air atomizing gas and low pressure, free- 
fall gas atomization processes. Water atomization, oil 
atomization, or centrifugal atomization may also be 
utilized to this end. 

The solder of the invention provides a solder joint 
having a solidified ternary microstructure comprising 
beta Sn phase and at least two different, relatively 
hard intermetallic compounds, one compound including Cu 
and Sn (e.g. Cu-rich Cu fi Sn 5 ) and another compound 
including Ag and Sn (e.g. Ag-rich Ag 3 Sn) distributed 
uniformly in the beta Sn phase. Referring to Figures 3a- 
3b, a solder joint produced by the aforementioned 
ternary eutectic solder of the invention is shown. 

The solder joint microstructure includes the beta Sn 
phase matrix and two different dispersed intermetallic 
compounds. Namely, referring to Figure 3b, the figure 
shows the interface of Cu wire at bottom with 
intermetallic Sn-Cu phase growing into the solder 
matrix. It also shows both needle-like Ag-Sn 
intermetallic phase and globular Cu-Sn intermetallic 
phase in the microstructure of the solder beta Sn 
matrix. These coarse intermetallic phases probably 
result from the slower cooling rate of the model solder 
joint compared to the chill casting of Figures 2a-2b. 

The soldering process used involved heating the 
solder wire to 250°C, immersing a twisted copper wire 
pair that was fluxed with a ZnCl 2 flux in the molten 
ternary eutectic solder, withdrawing the wire from the 
molten solder, and solidifying the solder joint in air. 
This procedure is representative of typical wave and 
surface mount solder procedure in widespread use in the 
electronics industry . 
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The solidified microstructure of the invention 
comprising the beta Sn matrix phase and dispersed Cu-Sn 
and Ag-Sn intermetallic compounds provides greater 
solder joint strength and fatigue resistance as compared 
to the beta-Sn and soft alpha-Pb phases that 
characterize the eutectic microstructure of conventional 
Sn-Pb solders, even if both types of microstructures are 
highly refined. Moreover, the thermal stability of the 
solder joint microstructure of the invention is improved 
by the presence of the aforementioned hard intermetallic 
Ag-Sn and Cu-Sn compounds. In particular, thermally 
induced coarsening of the solder joint of the invention 
is substantially slower than the conventional Sn-Pb 
solder alloy by virtue of the microstructura 1 stability 
of the hard Cu-Sn and Ag-Sn intermetallic compounds 
(e.g. Cu 6 Sn 5 and Ag 3 Sn, respectively) as compared to that 
of the Sn and Pb phases of the conventional binary 
solder alloy. 

The solder of the invention is advantageous not only 
from an environmental standpoint (its Pb-free 
composition) but also from a cost and availability 
standpoint in that the Sn-Ag-Cu alloy is lower cost than 
the Pb-free solders including large amounts of Bi, In, 
Au or Ga developed to-date. The solder of the invention 
thus can become a direct replacement for the Sn-Pb 
solders currently in widespread use. Large volume solder 
applications especially will benefit from the low cost, 
high performance solder of the invention having the 
aforementioned advantages not possessed heretofore by 
other Pb-free solders. 

While the invention has been described in terms of 
specific embodiments thereof, it is not intended to be 
limited thereto but rather only to the extent set forth 
hereafter in the following claims. 



